Understanding the influence of growth and development on the stoichiometry of organisms with complex lifecycles is necessary to understand the spatial and temporal extent of consumerdriven nutrient dynamics. This can be particularly challenging in temporally variable habitats, such as geographically isolated wetlands (GIW), which dry down seasonally. Larval anurans (tadpoles) are excellent model organisms for studies within the framework of ecological stoichiometry because they undergo major anatomical changes during metamorphosis that likely require a shift in body stoichiometric demands. To examine stoichiometry of larval anurans in GIWs, we measured larval Lithobates sphenocephalus tissue carbon (C), nitrogen (N), phosphorus (P) and calcium (Ca) content, excretion NH 4 -N, TDN and TDP, and egestion C, N and P across three developmental stage categories (no limbs, hind limbs only, and four limbs). We found that tissue P content increased significantly during later stages when bone development was occurring, which significantly reduced tissue C:P and N:P. Tissue C also increased across stages. Mass-specific excretion of TDN and N:P decreased across stages. Per capita NH 4 -N excretion rate had a positive relationship with body size, and per capita excretion N:P had a negative relationship with body size. Mass specific bulk egestion and C egestion varied across stages, as well as C:N and C:P, but we could not distinguish which stages were different from one another. Per capita egestion rates of N and P were positively correlated with body size, and both C:N and C:P were negatively related to body size. We found that development stage of larval anurans was an important indicator of tissue, excretion, and egestion stoichiometry and these differences may influence their functional role in aquatic ecosystems throughout their development.
Introduction
The functional roles of consumers in ecosystems are strongly influenced by species-specific life history traits . Consumers can play an essential part in nutrient availability through storage, excretion and egestion (Elser et al. 1996; Vanni 2002) , but the spatial and temporal variation in these processes can be heavily dependent on life history strategy Atkinson et al. 2017a) . Ecological stoichiometry (ES, hereafter; Sterner and Elser 2002) provides a useful framework for understanding the roles of different species by predicting the dynamics of consumer storage and excretion with respect to species-specific life history demands and environmental variation. A prediction of ES is that consumers maintain strict homeostasis of their body tissues, but homeostatic demands vary interspecifically, and tissue stoichiometry is predicted to influence nutrient release (i.e. excretion and egestion rate; Sterner and Elser 2002) . A review of excretion rates across a wide range of ectothermic aquatic animals (Vanni and McIntyre 2016) showed that body size and water temperature were the best generalized predictors of excretion rate. Excretion by consumers that undergo changes in homeostatic demands related to ontogenetic shifts (i.e. larval anurans) may vary from this generalized model (Tiegs et al. 2016; Stephens et al. 2017) .
Ontogenetic shifts are generally coupled with changes in energetic demand, and corresponding changes in diet (Showalter et al. 2016) , anatomical development (Tiegs et al. 2016) , habitat use (Duffy et al. 2010 ) and behavior (Lecchini and Galzin 2005) . Changes in anatomical structure associated with ontogenetic shifts that alter homeostatic demands (e.g. development of phosphorus-rich bone tissue) result in changes in tissue stoichiometry, which can lead to changes in excretion and egestion stoichiometry (Sterner and Elser 2002; Vanni et al. 2002) . Furthermore, ES predicts that variation in environmental factors such as temperature and resource stoichiometry play an important role in the dynamics of storage and excretion by consumers (Sterner and Elser 2002) . Studying ontogenetic shifts in organisms across environmental gradients allows us to integrate our understanding of these processes (Allen and Gillooly 2009) .
Amphibians, and anurans in particular, are useful model organisms for questions regarding homeostatic regulation and ontogenetic shifts in consumers because many species have a complex life cycle with aquatic larvae and terrestrial juvenile and adult stages. The development of anatomical structures that support a terrestrial existence requires anurans to undergo significant changes in the skeletal, muscular and digestive systems (Hourdry et al. 1996) . Development of specific tissues, such as P-rich bone and N-rich muscle (Sterner and Elser 2002) , suggests that homeostatic regulation may change over development. Over 45 larval anuran developmental stages from egg to emerging juvenile frog have been described (Gosner 1960) . In late stages, bone tissue (hydroxyapatite, Ca 10 (PO 4 ) 6 (OH) 2 ) density increases as larvae undergo osteogenesis (Stephens et al. 2017) , which requires both calcium (Ca) and P (Reiners 1986; Sterner and Elser 2002) . Laboratory studies of homeostatic regulation across larval anuran development stages have shown that P demand increases significantly during osteogenesis (Tiegs et al. 2016; Stephens et al. 2017) , which suggests a potential increase in Ca content as well, given the dependence on this mineral for bone tissue production. The potential uptake and sequestration of P in consumers such as larval anurans is of particular interest because this element is limited in many freshwater ecosystems (Dodds and Whiles 2002) .
Understanding P regulation in larval anurans in a natural setting is challenging given the high degree of developmental plasticity in these organisms. For example, seasonal changes in water levels and temperature co-vary and can alter larval development rates (Crump 1989; Abrams et al. 1996) and feeding behavior (Carreira et al. 2016 ), both of which may challenge homeostatic thresholds of P (Frost et al. 2006; Stephens et al. 2017) . Predation risk can also influence homeostatic regulation by altering tail morphology of larval anurans (Costello and Michel 2013) . The tail may be an important reserve of P used in later stages of development in larval anurans (Gonçalves et al. 2015) , thus changes in tail morphology can potentially lead to stoichiometric differences. Stoichiometric sensitivity to environmental variation can also be driven by genetic variation within species, such as the variation that occurs along latitudinal gradients (e.g. higher lipid storage in emerging juvenile frogs from arctic regions than boreal regions; Liess et al. 2013 ). Plasticity to environmental parameters is an important to life history attribute as many anurans develop in temporally variable habitats, such as isolated wetlands, floodplains or ephemeral streams (Russell et al. 2002; G omez-Rodr ıguez et al. 2009 ).
Temporally variable habitats such as geographically isolated wetlands (GIW), which are defined as wetlands completely surrounded by uplands (Tiner 2003) , are interesting habitats to study environmental constraints on anuran development given the large degree of spatial and temporal variability in environmental characteristics amongst wetlands (Kirkman et al. 2012; Smith et al. 2017) . Many GIWs dry seasonally, thus preventing establishment of fish populations (Gibbons 2003) . GIWs that lack fish and are dominated by herbaceous vegetation are particularly important for anuran communities (Liner et al. 2008) . High light availability in herbaceous wetlands supports high production of periphyton a key food resource for larval anurans (Altig et al. 2007; Whiles et al. 2010; Altig and McDiarmid 2015; Atkinson et al. 2017b) . Understanding the individual constraints on larval anuran development in GIWs provides a useful groundwork to understand larger scale effects associated with the production of these organisms. Production of the larval anuran community can directly influence the nutrient fluxes by these consumers (Capps et al. 2015a) . Moreover, the influence likely varies temporally depending on larval densities and developmental stage (Kupferberg 1997 , Capps et al. 2015b ). Furthermore, because larval anurans transform into terrestrial juveniles that may move into uplands or other aquatic habitats, selection for specific nutrients (i.e. P) has important implications for the quality of nutrient fluxes across ecosystem boundaries (Jackson and Fisher 1986; Capps et al. 2015b; Fritz and Whiles 2018) .
Our study describes stoichiometric changes and nutrient release (excreta and egesta) of free-ranging larval anurans in GIWs. Specifically, our goal was to document patterns in tissue N, P and Ca across developmental stages in larval Lithobates sphenocephalus (southern leopard frog). We predicted that larval L. sphenocephalus tissue stoichiometry would show increases in tissue P and Ca and decreases in C:P and N:P during developmental stages in which osteogenesis occurs. We also predicted that excretion and egestion rates would be best explained by both larval stage and body size with excretion and egestion scaling positively with body mass, but P being preferentially retained in later development stages. Lastly, we predicted that larval anuran excretion and egestion stoichiometry would be negatively related to tissue stoichiometry and positively related to resource stoichiometry, as predicted by ES.
Methods

Study site
Our study took place in GIWs at Ichauway, the research site of the Joseph W. Jones Ecological Research Center in southwestern Georgia, USA. Ichauway is a 12,000-hectare reserve dominated by fire-maintained longleaf pine (Pinus palustrus) woodlands with numerous embedded GIWs (Boring 2001) . Generally, GIWs in the region are inundated from late fall through late spring or summer (Battle and Golladay 2001) . Plant community development within GIWs is driven by patterns in hydroperiod length and fire frequency (Kirkman et al. 2012) . Three types of GIWs occur on the site: cypress-gum swamps, cypress savannas and herbaceous marshes (Kirkman et al. 2000) . Among these wetlands, marshes typically have a moderate hydroperiod and experience frequent fire. We selected two marsh wetlands that were similar in size 9.6 ha (W21) and 10.1 ha (W46). Marshes were selected because they support the highest anuran species richness in the local landscape (Liner et al. 2008) , and have high light availability supporting an abundance of high quality algal food sources reducing potential effects of low resource stoichiometry (i.e. high algal C:P, N:P) on larval anuran development (Frost et al. 2006; Stephens et al. 2017) .
Larval anuran collection
Lithobates sphenocephalus larvae were collected monthly from the two wetlands from February to June 2016. Larval anurans were collected using a box trap sampler (0.61 Â 0.61 m, 0.3721 m 2 ) (Gunzburger 2007 ) that was thrown haphazardly across microhabitats up to 0.75 m deep within the wetland or by dip net (3 mm mesh size). Upon capture, all L. sphenocephalus larvae were measured for total length (to the nearest 1 mm). Larval mass (to the nearest 0.0001 g) was estimated using a regression equation developed from previously collected data on length to dry mass relationships for larval L. sphenocephalus (see Supplement 1).
Prior to processing L. sphenocephalus larvae for tissue chemistry, we designated each to a 'stage' category based on Gosner stages of larval anuran development (Gosner 1960) : stage category '0L' represented larvae with no limbs (Gosner stages 26-30), '2L' represented larvae with hind limbs (Gosner stages 30-40), and '4L' indicated larvae with both front and hind limbs, but retaining a tail . We selected these three broad stage categories because they could readily be distinguished in the field and represented major morphological changes associated with increased ossification in larval anurans from free-swimming larvae without limbs, to free swimming larvae with just hind limbs, to late stage larvae with four limbs transitioning to a terrestrial form (Gosner 1960; Kemp and Hoyt 1969) , across which C, N and P demands might be expected to differ.
Resource stoichiometry
Periphyton samples were collected monthly from both wetlands from February to July 2016 using periphytometers (i.e. plastic microscope slide holder zip-tied to rebar). Five periphytometers, each consisting of two microscope slides were deployed in a wetland, for approximately 4 weeks, to allow sufficient growth on the slides (Opsahl et al. 2010 ). The periphytometers were placed vertically in the water column at five equidistant sampling points along a transect from the deepest part of the wetland to the wetland edge to account for variation in periphyton growth with water depth and to ensure sufficient sample size given rapidly changing water levels. Upon collection of periphytometers, $100 mL of DI water was placed into a tray and each slide was scraped clean to create a slurry. The periphyton slurry was dried at 50 C for $24 h and stored in pre-ashed glass vials. For %C and %N, samples were analyzed using a 'Flash 2000' organic elemental analyzer (C.E. Elantech, Lakewood, New Jersey, USA). For %P analysis, periphyton subsamples were combusted at 500 C for 2 h, and digested in HCl, and analyzed by soluble reactive phosphorus analysis (Solorzano and Sharp 1980) .
Tissue stoichiometry
Following collection of excretion and egestion samples (described below), larvae were transferred to a whirlpack (Nasco, Ft. Atkinson, Wisconsin, USA) with a small amount of water from the wetland, and transported to the lab for euthanasia using 10g/L pH buffered MS-222 solution (Close et al. 1997) . Total length, developmental stage and total wet mass were recorded for all larvae. Larval anurans were then dissected to remove the gastrointestinal tract, weighed again, and frozen for later analysis of tissue %C, %N, %P and %Ca. Prior to analysis, larvae were dried at 50 C for !48 h. Samples were then homogenized by grinding with mortar and pestle and stored in ashed vials in a desiccator. Subsamples ($2 mg) were analyzed for %C, %N and %P as described above. Additional subsamples from 20 specimens were used for analysis of tissue %Ca; these subsamples were combusted at 500 C for 2 h, and digested in H 2 NO 3 (Solorzano and Sharp 1980) followed by cation analysis using ICP-OES (Perkin Elmer Optima 3000 DV ICP-OES with As-91 Autosampler, Boston, Massachusetts, USA).
Excretion and egestion
Larval L. sphenocephalus at each available developmental stage were collected monthly for determining excretion (NH 4 -N, TDN and TDP) and egestion rates (C, N and P). We attempted to collect up to eight larvae of available stages from each wetland and larvae were placed in individual chambers. Water for the chambers was collected from the littoral zone, where the larval anurans had been collected. The water was filtered using a geo-pump (GeoTech Environmental Equipment Inc., Denver, Colorado, USA) and in-line filter housing with an ashed 47 mm GF/F filter (0.7 lm pore size) (EMD Millipore, Billerica, Massachusetts, USA). The filtrate was collected in a Nalgene 20 L carboy (Nalgene Nunc International Corp., Rochester, New York, USA) to homogenize the background nutrient concentrations and 250-350 mL of filtered water was placed in each of the (five control chambers and five or more treatment chambers) experimental chambers (Ball Jar Co., Broomfield, Colorado, USA). Chambers were placed in the littoral zone for incubation to reduce thermal stress. After $60 min of incubation, larvae were removed and collected for tissue chemistry (see above). We measured water temperature pre-and post-incubation using an YSI Pro Plus multiparameter meter (YSI Inc., Yellow Springs, Ohio, USA) and recorded the average of the two measurements. Following the assay, the experimental chambers were transported to the lab on ice and the sample water was immediately filtered a second time through a pre-weighed ashed 47 mm GF/F filter (0.7 lm pore size) to separate excreted (i.e. filtrate) and egested fractions. Filtrate collected for ammonium analysis was preserved using phenol and analyzed within 30 days of collection (Solorzano 1969) . Filtrate collected for total dissolved nitrogen (TDN) and phosphorus (TDP) was frozen and analyzed (following a persulfate digestion). All water chemistry analyses were performed using a Lachat QuickChem þ8500 Series 2 FIA System flow injection analyzer (Hach Company, Loveland, Colorado, USA). Egestion samples were analyzed for %C, %N and %P following the same method as used for algal stoichiometry and tissue stoichiometry (described above). Mass-specific excretion and egestion rates were calculated by dividing the observed excretion or egestion rate by the mass (in grams) of each individual.
Statistical analysis
To examine whether the dry mass and tissue stoichiometry of larval L. sphenocephalus differed across the three developmental stage categories we used a one-way analysis of variance (ANOVA) with stage as the factor. All significant ANOVAs were followed by a Tukey's Honestly Significant Difference (HSD) test to evaluate pairwise comparisons between stage categories. Our excretion and egestion data violated the parametric assumption of homogeneity of variance, so Kruskall-Wallis tests were used to test for differences in mass-specific excretion and egestion rates across stage categories. Significant Kruskall-Wallis results were followed by a Wilcoxon test to evaluate pairwise comparisons between stage categories. We used linear regression to evaluate the effects of log 10 body size on log 10 per capita excretion rates and log 10 per capita egestion rates and ratios. Multiple linear regression was used to examine the relationship between excretion (N:P) and egestion (C:N, C:P, N:P) stoichiometry, tissue stoichiometry (C:N, C:P, N:P) and resource (algal) stoichiometry (C:N, C:P, N:P). Data were natural-log transformed to meet assumptions of normality when necessary. Outliers were removed for algal %P and for both per capita and mass-specific excretion and egestion rates using the Tukey's method (Seo 2006 ). The significance level was based on a < 0.05. All analyses were performed using R 3.3.2 (R Core Team 2016).
Results
Larval anuran collection
We collected 41 L. sphenocephalus larvae (24 stage 0L, 10 stage 2L and 7 stage 4L) at our study wetlands. Average captures were 11.5 ± 1.5 stage 0L per wetland, 5 stage 2L, and 3.5 ± 2 stage 4L. We collected 0L staged individuals mostly early in the year (February-April), but had some captures later in the year as well (May-June). Most of our captures for 2L individuals occurred in April, and all of our stage 4L individuals were collected in the early summer (May-June). Captures of stage 2L and 4L larvae were low due to the difficulty in capturing individuals in these stages, which last only a short time before emergence from the wetland (Cayuela et al. 2012) . Larval anurans varied in mass across stages with 2L and 4L individuals being significantly greater in mass than 0L individuals (Figure 1 , ANOVA, F 2,38 ¼22.94, p<.00001). The 4L staged individuals tended to be lighter than the 2L individuals, but not significantly (Tukey HSD, p¼.26).
Resource and tissue stoichiometry
The stoichiometry of algal resources is presented in Table 1 . We found that larval anuran tissue stoichiometry differed across the three developmental stage categories (Figure 2 ). Percent C in larval tissue (range: 42-51%) increased between stages 0L-2L (Figure 2(A) , ANOVA, F 2,38 ¼4.566, p¼.02; Tukey HSD, p¼.047) and 0L-4L (Tukey HSD, p¼.049), but did not vary between 2L and 4L (Tukey HSD, p¼.97). Percent N (range: 8-13%) was similar across stages (Figure 2(B) , ANOVA, F 2,38 ¼0.98, p¼.39), while %P (range: 0.3-2%) increased significantly between 0L and 4L (Figure 2(C) ; ANOVA, F 2,38 ¼10.55, p<.001; Tukey HSD, p¼.0001) and 2L-4L (Tukey HSD, p¼.006). Tissue C:N did not vary across any of the stages (Figure 2(D) , ANOVA, F 2,38 ¼0.08). Tissue C:P decreased between stages 0L-4L (Figure 2(E) , ANOVA, F 2,38 ¼4.04, p¼.03; Tukey HSD, p¼.02), but did not differ between 0L-2L and 2L-4L. Tissue N:P decreased significantly between stages 0L-4L (Figure 2(F) , ANOVA, F 2,38 ¼5.303, p¼.01; Tukey HSD, p¼.008), but did not differ between 0L-2L and 2L-4L. Tissue %Ca did not differ significantly across stages (ANOVA, F 2,14 ¼3.26, p¼.07), but appeared to increase with advancing stage category (mean: 0L ¼ 0.97, 2L ¼ 2.08, 4L ¼ 2.65, overall mean ¼ 1.88) (see Supplement 2, Figure 1 ; Supplement 2, Table 1 ).
Excretion stoichiometry and rates
NH 4 -N excretion did not vary due to stage (Table 1; Figure 3 (A); ANOVA, F 2,38 ¼1.832, p¼.17), but TDN excretion did vary across stages with 0L having higher excretion rates than the 2L staged individuals (Figure 3(B) , ANOVA, F 2,38 ¼2.667, p<.05). TDP excretion also did not significantly vary across stages (Table 1; Figure 3 (C); ANOVA, F 2,38 ¼1.824, p ¼ 0.18). Excretion N:P did not differ due to stage (Figure 3(D) ; ANOVA, F 2,38 ¼0.36, p¼.70). Samples were collected using periphytometers deployed in wetlands from February to July 2016.
Per capita NH 4 -N excretion showed a significant positive relationship to body size, but did not explain much variation in the data (Supplementary Figure 3A ; GLM, Adj. r 2 ¼0. 05, p¼.01, y ¼ 1.24x À 0.53). In contrast, per capita TDN excretion (Supplementary Figure  3B ; GLM, Adj. r 2 ¼ À0.004, p¼.45), per capita TDP excretion (Supplementary Figure 3C ; GLM, Adj. r 2 ¼0.01, p¼.12), and per capita excretion N:P were not related body size (Supplementary Figure 3D ; GLM, Adj. r 2 ¼0.03, p¼.87).
Egestion stoichiometry and rates
Development stage did not predict larval anuran bulk quantity and nutrient-specific egestion rates (Figure 4) , and no significant differences were detected across stage categories for nutrient specific estimates. Total mass-specific egestion rate varied across stages [Kruskal-Wallis (K-W), H 2 ¼11.77, p¼.003], with significant decreases between stages 0L and 2L (Wilcoxon, p¼.004). Mass-specific C egestion rate was significantly related to stage (Figure 4(A) , K-W, H 2 ¼14.8, p¼.0006) with the 0L stage having a significantly higher C egestion rate than the 2L and 4L stages (Wilcoxon, p<.001). Neither N egestion rate (Figure 4(B) , K-W, H 2 ¼0.35, p¼.84) nor P egestion rate (Figure 4(C) , K-W, H 2 ¼1.9, p¼.39) differed among stages. Egestion rate C:N (Figure 4(D) , K-W, H 2 ¼3.79, p ¼ 0.15), C:P (Figure 4(E) , K-W, H 2 ¼1.61, p¼.44), and N:P (Figure 4(F) , K-W, H 2 ¼4.59, p ¼ 0.10) did not differ across stages. Per capita egestion rates were not closely linked to larval anuran body size for bulk quantity and nutrient specific rates. Bulk quantity egestion rates increased with body size, but it was a weak relationship (GLM, Adj. r 2 ¼0.07, p¼.005, y ¼ 0.51x þ 0.74). However, C egestion rate did not vary significantly with body size ( Figure 5(A) ; GLM, Adj. r 2 ¼ 0.04, p¼.28). N egestion rates had a weak, but significant positive relationship with body size (Figure 5(B) ; GLM, Adj. r 2 ¼0.16, p¼.02, y ¼ 1.63x À 5.313). P egestion rates were not predicted by body size (Figure 5(C) ; GLM, Adj. r 2 ¼0.04, p¼.24). Egestion rate C:N ( Figure 5(D) ; GLM, Adj. r 2 ¼0.27, p<.01, y¼ À1.26x þ 4.26) and egestion C:P ( Figure 5(E) ; GLM, Adj. r 2 ¼0.12, p ¼.001, y¼ À0.56x þ 2.09) were negatively related to body size, but egestion rate N:P had a positive relationship with body size (Figure 5(F) ; GLM, Adj. r 2 ¼0.16, p¼.02, y ¼ 0.77x -0.66). Egestion rate C:P, however, was not related to body size.
Excretion, resource, and tissue stoichiometry relationships
Excretion N:P was positively related to algal N:P, and negatively related to tissue N:P (GLM; Adj. r 2 ¼0.10, p¼.01). Egestion C:N (GLM, r 2 ¼0.02, p¼.16), C:P (GLM, r 2 ¼ À0.03, p¼.95), and N:P (GLM, r 2 ¼0.02, p¼.17) were not predicted by tissue stoichiometry or resource stoichiometry. Figure 3 . Mass-specific nutrient excretion rates (A-C) and stoichiometric ratios (D-F) across three developmental stage categories of free-ranging larval southern leopard frogs (Lithobates sphenocephalus) from geographically isolated wetlands in southwestern, Georgia, USA, from February to July 2016. Different letters indicate pair-wise differences in stages as indicated by Wilcoxon rank sum tests and the absence of letters indicates no significant differences among stages.
Discussion
We found that body tissue, excretion and egestion stoichiometry varied due to both developmental stage and body size in larval L. sphenocephalus, but stage played the most prominent role in determining stoichiometric patterns. While mass-corrected excretion and egestion were linked to stage, per capita NH 4 -N excretion and egestion of N and P were also related to body size. Explicit testing of stoichiometric relationships of waste products, resources and homeostatic demands indicate developing anurans fall within the predictions of ES. The fact that we examined these relationships in temporally variable aquatic habitats (i.e. GIWs), which typically produce relatively large densities of breeding amphibians (Gibbons et al. 2006 ) and can be nutrient poor (Atkinson et al. 2011; Battle and Golladay 2001) , suggests larval anurans have the potential to affect nutrient dynamics in these ecosystems.
Tissue stoichiometry
Specifically, our results for increasing body P support those of previous studies indicating that as bone density increases with development, tissue P content in larval anurans increases (Stephens et al. 2017; Tiegs et al. 2016) . While not statistically significant, tissue %Ca increased with stage and corresponded to increases in %P and P:Ca decreased (Supplement 3, Figure 1) . Given the importance of both Ca and P for bone development, these results suggest that increased P content at late stages is likely due to bone development (Sterner and Elser 2002) . In contrast, excretion of P (TDP) did not differ across stages, which suggests a consistently high demand for P throughout development. Phosphorus is in high demand during early stages of growth and development for rRNA transcription (Sterner and Elser 2002) . While the P demand for rRNA generally decreases as body size increases (Sterner and Elser 2002) , P demand for production of bone tissue increases substantially late in development in larval anurans, leading to a high homeostatic demand for P across the entire larval period.
We observed increases in tissue %C content across development stages. A limited number of studies have measured tissue C in larval anurans (Liess et al. 2013) , and no studies have specifically evaluated tissue C across development stages. The increase in C content across development stages is likely due to increased lipid storage as larvae approach emergence, which is important for winter survival (Liess et al. 2013) . We observed no significant variation in tissue %N across stages. This was largely consistent with findings by Tiegs et al. (2016) , who reported a slight increase in %N across development stages in wood frogs (Lithobates sylvaticus). Increased tissue N content in larvae of other anuran species is primarily attributed to increased muscle mass throughout development (Stephens et al. 2017; Tiegs et al. 2016) .
Larval L. sphenocephalus had similar stoichiometric ratios compared to those reported for other aquatic taxa. The average tissue molar ratios (C:N, C:P and N:P) found in this study are also consistent with those of other taxa (i.e. fish, mayflies, caddisflies) ranging ±10 molar ratio units for C:N (range: 5-7; range: 3-15 in this study), ±100 molar ratio units for C:P (range: 25-376; range: 62-273 in this study) and ±10 molar ratio units for N:P (range: 6-60; range: 9-60 in this study) (Back et al. 2008; Back and King 2013; Figure 5 . Nutrient specific per capita egestion rates (A-C) and stoichiometry (D-F) regressed over body size (dry mass in grams) of free-ranging larval southern leopard frogs (Lithobates sphenocephalus) from geographically isolated wetlands in southwestern, Georgia, USA, from February to July 2016. Adjusted R-squared values are presented. Solid circles represent individuals in stage 0L (no legs), triangles represent 2L (hind limbs only) and squares represent 4L (both hind and front limbs). -White et al. 2005; Kendrick and Benstead 2013; Vanni et al. 2002) . The lack of variation in tissue N content across development stages in this study is consistent with that of invertebrates including mayflies (Back et al. 2008 ). Compared to the results from Vanni et al. 2002 , tissue %C in larval L. sphenocephalus was slightly lower than observed in fish ($10% lower C), tissue %N was similar (±10% N) and tissue %P was lower (see below) (McIntyre and Flecker 2010; Vanni et al. 2002) . Maximum % P in this study (1.91%) was comparable to that observed in emergent juvenile frogs ($2.5%P; Capps et al. 2015) , but lower than %P content observed in fish (>5%P; Vanni et al. 2002) . This difference is likely attributed to P found in fish scales, and the bone structure found in some fishes. Across development stages, however, the magnitude of change in nutrient content is most extreme in anurans (Tiegs et al. 2016, this study) compared to that reported for other organisms (Back et al. 2008; Back and King 2013; Vanni et al. 2002) .
Evans
Excretion and egestion by larval anurans
Nitrogen excretion decreased across developmental stages of L. sphenocephalus and generally followed patterns found in prior studies (Stephens et al. 2017; Tiegs et al. 2016 ). NH 4 -N excretion did not vary across stages, but TDN excretion generally declined with stage. These results indicate that potential increases in homeostatic N demands across development are influencing the decrease in N excretion across stages. The proportion of NH 4 -N accounted for in the TDN excretion rate raises some uncertainly regarding the dominant form of N being excreted by larval anurans. While aquatic organisms generally excrete mostly NH 4 -N, terrestrial organisms excrete more complex forms of N, and adult amphibians primarily excrete urea (Hill et al. 2004) , and here egest high quantities of C, N and P as found in other studies (Norlin et al. 2016) . Given that larval anurans ultimately transition to semi-terrestrial organisms (i.e. juvenile and adult stages), the specific form of N excreted by larvae may be predominantly other forms (i.e. NH 3 , CH 4 N 2 O), and could potentially change throughout larval development.
In this study, excretion N:P was negatively related to tissue N:P and positively related to algal N:P; a central prediction of consumer-driven nutrient recycling within the ES framework (Sterner and Elser 2002) . ES suggests that in the absence of growth, waste N:P (i.e. excretion and egestion) should be identical to resource N:P; therefore, it is reasonable to predict that excretion by larval anurans may stray from the predictions of consumer-driven nutrient dynamics (Vanni and McIntyre 2016) . Our results provide support that ES remains a strong framework for predicting consumer-driven nutrient dynamics for larval anurans, even with changing homeostatic demands (or 'rheostasis' suggested by Stephens et al. 2017) .
Though excretion stoichiometry (i.e. N:P) followed predictions of ES in our study, P excretion rate did not decline at the 4L stage (i.e. high %P), which suggests some inconsistency with ES. Similar results were observed in Vanni and McIntyre (2016) , who found that tissue P had no consistent effect on P excretion among vertebrate taxa. Furthermore, the aforementioned study generally observed higher excretion rates (5.6-fold more P) for vertebrate taxa. Our finding that the P excretion rate did not decline in the 4L stage may also be related to elevated glucocorticoids from physiological stress, which can be particularly common in late stage larvae (Kirschman et al. 2017) . Elevated glucocorticoids can cause resorption of bone and reduction in tissue P, which could be reflected in a stable P excretion rate. Disparities between predictions of ES and the excretion rates observed in this study suggests that additional information is needed on feeding (i.e. ingestion) rates across development (Vanni and McIntyre 2016) , which would likely explain the inconsistency between egestion rates and ES predictions. Larval anurans have long digestive tracts to allow for extended gut passage time and increased assimilation of low-quality resources (McDiarmid and Altig 1999) . Larvae could potentially trade high assimilation efficiency of resources for rapid consumption of high-quality resources. This would lead to relatively high egestion rates of C, N and P, independent of tissue stoichiometric demands. This hypothesis is supported by the positive relationship for bulk egestion rate, N egestion rate and P egestion rate with body size observed in this study.
Conclusions
There is increasing interest in determining the functional role of larval anurans. Similar to energetic models of emerging aquatic macroinvertebrates (Kautza and Sullivan 2016) , emerging juvenile anurans may provide an important subsidy from aquatic to terrestrial ecosystems (Capps et al. 2015b; Polis et al. 1997) . Furthermore, these subsidies may contribute to the role of GIWs as hotspots of biological activity (McClain et al. 2003 ) and energetic exchange across ecosystems boundaries (Gratton and Zanden 2009; Marcarelli et al. 2011; Nakano and Murakami 2001; Smith et al. 2017) . Future work measuring the emergence success of these organisms is needed to begin to quantify these fluxes and appreciate their significance as a cross-ecosystem subsidy.
Our study provides strong supporting evidence to previous laboratory studies showing that tissue chemistry, excretion and egestion are generally linked to development stage in larval anurans. Our results support the theory of ES in that the mass-balance of producing anatomical traits (i.e. bone) should aid in predicting tissue and excretion stoichiometry, which has important implications for nutrient recycling and transfer of energy and nutrients across aquatic-terrestrial boundaries. Meeting the energetic and nutrient demands is important for development, body size at metamorphosis, survival and fecundity (Sweeney et al. 1986 ), which have important implications for long term population dynamics of these species (Berven 1990) . Studies addressing factors that influence the conservation of an imperiled species group such as amphibians (Evans et al. 2016) , as well as enhancing our understanding of ecological theory in the context of organisms with complex lifecycles, aids the development of future research. To solidify our understanding of these processes, subsequent studies across a wide range of amphibian species are needed, as species-specific life history, behavior and development rates may greatly influence these results. This is especially relevant to southeastern GIWs which are particularly speciesrich, supporting >20 species of anurans (Smith et al. 2006) . Here, we show that one common species of anuran requires higher body P during development, but it is one species within the community, thus more work is necessary to understand the role of community-level dynamics on nutrient cycling in these systems.
